Brody, S. R., and Lozier, M. S. Characterizing upper-ocean mixing and its effect on the spring phytoplankton bloom with in situ data. -ICES Journal of Marine Science, 72: 1961Science, 72: -1970. Since publication, the Sverdrup hypothesis, that phytoplankton are uniformly distributed within the ocean mixed layer and bloom once the ocean warms and stratifies in spring, has been the conventional explanation of subpolar phytoplankton spring bloom initiation. Recent studies have sought to differentiate between the actively mixing section of the upper ocean and the uniform-density mixed layer, arguing, as Sverdrup implied, that decreases in active mixing drive the spring bloom. In this study, we use in situ data to investigate the characteristics and depth of active mixing in both buoyancy-and wind-driven regimes and explore the idea that the shift from buoyancy-driven to wind-driven mixing in the late winter or early spring creates the conditions necessary for blooms to begin. We identify the bloom initiation based on net rates of biomass accumulation and relate changes in the depth of active mixing to changes in biomass depth profiles. These analyses support the idea that decreases in the depth of active mixing, a result of the transition from buoyancy-driven to wind-driven mixing, control the timing of the spring bloom.
Introduction
The timing of the subpolar spring phytoplankton bloom has long been of interest to oceanographers due to its impact on carbon export (Stramska et al., 1995; Sabine et al., 2004; Lutz et al., 2007) and upper trophic level species recruitment (Platt et al., 2003; Edwards and Richardson, 2004; Koeller et al., 2009) . In his seminal 1953 paper, Harald Sverdrup hypothesized that because phytoplankton are uniformly distributed within the ocean mixed layer, the spring shoaling of this mixed layer increases available light to a level at which the phytoplankton population can grow (Sverdrup, 1953) . While Sverdrup defined the term "mixed layer" as the section of the water column exhibiting both active turbulence and homogenous density, contemporary studies in support of the Sverdrup Hypothesis have generally used density-based criteria only to define the mixed layer (e.g. Follows and Dutkiewicz, 2001; Siegel et al., 2002; Henson et al., 2009) , and have linked the timing of the spring bloom to ocean surface warming (Follows and Dutkiewicz, 2001; Henson et al., 2006) . More recent work has focused on the possibility that decreases in active turbulence within the mixed layer, rather than decreases in the mixed layer itself, create the conditions necessary for bloom onset (Huisman et al., 1999; Chiswell, 2011; Taylor and Ferrari, 2011; Chiswell et al., 2013) . This decrease has been attributed to the shutdown of turbulent convection after heat fluxes become positive (Taylor and Ferrari, 2011) and also to decreases in the local wind strength (Chiswell, 2011; Chiswell et al., 2013) . Because phytoplankton blooms that occur when the ocean mixed layer is deep encounter reduced barriers to sinking and thus export higher amounts of carbon than blooms that occur in shallow mixed layers (Stramska et al., 1995) , this distinction has important consequences for the marine carbon cycle.
Other recent work has focused on localized increases in water column stratification by means other than warming as a driver of blooms. Specifically, it has been suggested that lateral density gradients are converted to vertical density gradients by submesoscale eddies within the mixed layer, and that this increase in stratification can initiate blooms (Mahadevan et al., 2012) . Finally, while contemporary bloom phenology studies typically use surface chlorophyll from satellite data to examine the phytoplankton seasonal cycle Cole et al., 2012; Racault et al., 2012; Sapiano et al., 2012; Brody et al., 2013) , a series of studies (Behrenfeld, 2010; Boss and Behrenfeld, 2010; Behrenfeld et al., 2013) has drawn attention to the fact that the original work by Sverdrup focused on the rate of net biomass accumulation within the water column. The use of this metric has led to an alternative hypothesis regarding the phytoplankton seasonal cycle (Behrenfeld, 2010; Boss and Behrenfeld, 2010; Behrenfeld et al., 2013) : positive net accumulation rates are driven by the deepening of the mixed layer in winter, dilution of the plankton population, and consequent decreases in zooplankton grazing pressure. Brody and Lozier (2014) (hereafter BL14) investigated several proposed drivers of the subpolar spring bloom in the North Atlantic: shoaling seasonal mixed layers (Follows and Dutkiewicz, 2001; Siegel et al., 2002; Henson et al., 2009) , the onset of positive heat fluxes (Taylor and Ferrari, 2011) , and decreases in wind strength (Chiswell, 2011; Chiswell et al., 2013) . BL14 compared these mechanisms to a new framework for the North Atlantic bloom initiation: that blooms begin when the dominant mixing length scale (L mix ), or depth of active mixing, in the upper ocean decreases. BL14 found that decreases in L mix are a better predictor of bloom initiation than decreases in the mixed layer depth, the onset of positive heat fluxes, or decreases in wind strength. They also found that decreases in L mix generally occur after the shift from buoyancy-driven to wind-driven mixing in the upper ocean, likely because strongly negative surface buoyancy fluxes generate larger, more coherent vertical eddies compared with those generated by wind forcing, which then reduce the light exposure of phytoplankton within the upper ocean. Essentially, BL14 clarified and expanded upon the light-limitation-based explanation of bloom initiation described in the Sverdrup hypothesis by estimating a depth of turbulent mixing that differs at times from the density-defined mixed-layer depth, and providing a mechanism for bloom initiation that does not depend on the onset of positive heat fluxes (net ocean surface warming).
The BL14 framework was tested using satellite data to identify the spring bloom and surface reanalysis data to estimate mixing length scales, thus leaving open questions regarding how well the L mix model estimates the depth of active mixing, and whether the shift from buoyancy-driven to wind-driven mixing causes the active mixing depth to shoal. In situ datasets provide a unique opportunity to more closely examine the BL14 framework by allowing for the estimation of mixing from measurements in the upper ocean rather than relying on information from surface forcing fields. Specifically, we use in situ data to (i) assess whether surface forcing data can be used to accurately estimate the depth of L mix under different conditions; (ii) further characterize differences and similarities in buoyancy-driven and wind-driven mixing to determine whether and how buoyancy forcing drives deeper mixing than wind forcing; and (iii) investigate whether decreases in L mix precede the initiation of the spring bloom, as measured using depth-resolved biomass records.
To answer the first two questions, we employ data from autonomous Lagrangian floats. Because these floats are designed to be neutrally buoyant (D'Asaro et al., 1996) , they can follow the threedimensional motions of water parcels and have been used to examine turbulence within the upper ocean during a variety of mixing regimes. For this study, we use data from the Labrador Sea Experiment (Krahmann et al., 2003) , when deep convection drove turbulent mixing , and from the North Atlantic Bloom 2008 experiment (Fennel et al., 2011) , during which mixing was primarily wind-driven (Mahadevan et al., 2012) . By assuming that these Lagrangian floats simulate the trajectories of particles within the upper ocean (Harcourt et al., 2002; D'Asaro, 2008) , we use their vertical paths to observe the strength and depth of active mixing in the ocean in buoyancy-driven and wind-driven mixing environments. To answer the third question, we examine changes in depth-integrated biomass using biological data collected during a subpolar spring bloom as part of the North Atlantic Bloom 2008 experiment.
Data and methods

Data
Float data
We utilize data from two field programmes. The Labrador Sea Deep Convection Experiment (Krahmann et al., 2003) deployed 25 Lagrangian floats during winters of 1997/1998 in the Labrador Sea (52 -568W, 56 -598N). Floats drifted for 2 months, recording temperature and pressure at 5 min intervals, and position at 4 h intervals (see Steffen and D'Asaro, 2002 for further details on float mechanics and experiment design). We additionally use data from 36 PALACE floats (Davis et al., 1992; Lavender et al., 2000) , also deployed during the Labrador Sea Experiment, which parked at varying depths in the Labrador Sea (400, 700, and 1500 m) and periodically surfaced to record temperature and salinity profiles.
In the North Atlantic Bloom 2008 Experiment (NAB08), one Lagrangian float was deployed during the months of April and May 2008 in the subpolar North Atlantic south of Iceland (58.5 -62.58N, 18-288W) (Fennel et al., 2011; Mahadevan et al., 2012) . This float alternated between drifting within the mixed layer, profiling, and autoballasting. During all modes, the float recorded temperature, salinity, and position data every 50 -60 s. In both Lagrangian float experiments, the floats were designed to be neutrally buoyant through adjustable compressibility and high drag (D'Asaro et al., 1996; D'Asaro, 2003) .
Glider data
The NAB08 experiment deployed four Seagliders (Eriksen et al., 2001) on paths following the Lagrangian float. The Seagliders continuously profiled the upper ocean, collecting approximately four profiles per day between 0 and 1000 m. The Seagliders measured temperature, salinity, and pressure, as well as chlorophyll a fluorescence, and backscatter at 700 nm wavelength calibrated to shipbased observations (see Briggs et al., 2011 for further details on the Seaglider instrumentation). Consistent with previous work on the NAB08 data (e.g. Briggs et al., 2011; Cetinic et al., 2012) , we use both the chlorophyll a fluorescence and backscatter at 700 nm (bbp(700)) as proxies for phytoplankton biomass (Behrenfeld et al., 2005) .
To facilitate comparison between derived physical variables (e.g. mixed layer depths) and derived biological variables (e.g. net biomass accumulation rates), we process the physical (temperature, salinity, density) and biological (chlorophyll fluorescence and bbp (700)) observations from the gliders using the same methods. Following Briggs et al. (2011) , we process the data by first smoothing the profiles using sequential five-point running median filters and seven-point running mean filters. For ease of comparison with surface forcing data, which has a 1-d temporal resolution, and to highlight variability in biomass and density at the scale of the water column, we average the data into 1-d, 10-m bins, then smooth with 2-d, 50-m running means to further filter out submesoscale variability (Briggs et al., 2011) . We then average daily data from all gliders.
Surface forcing data
We use three surface forcing products containing both winds and heat fluxes: Objectively Analyzed Air-Sea Fluxes (OAFlux) (Yu and Weller, 2007; oaflux.whoi.edu) , NCEP-NCAR reanalysis 2 (Kanamitsu et al., 2002 ; http://www.esrl.noaa.gov/psd), and ECMWF-ERA-Interim daily fields (data-portal.ecmwf.int). All heat flux and wind products are at daily resolution, with spatial resolution varying from 0.75 to 2.68. We also use one wind-only product from the NOAA WaveWatch III hindcast data (http://polar.ncep .noaa.gov/waves), which is available at a higher spatial and temporal resolution (0.58, 3-h resolution). Finally, we use photosynthetically available radiation (PAR) obtained from 9-km, 8-d SeaWiFS data, via the Giovanni data portal (http://disc.sci.gsfc.nasa.gov/ giovanni/). We obtained all surface forcing data for the period of the NAB08 experiment. Because the daily averaged distance between the float and the averaged position of the four Seagliders (maximum distance of 1.18; mean distance of 0.418) is comparable with both the spatial resolution of the surface forcing data and the distance between any two gliders on a given day (maximum distance of 2.38; mean distance of 0.498), we linearly interpolate the gridded values of the surface forcing data to the position of the Lagrangian float.
Upper-ocean vertical velocities Observed
For both Lagrangian float datasets (Labrador Sea and NAB08), we calculate vertical velocities, w, at each time step using centred differencing of the depth and time records. We calculate turbulent vertical velocities using w ′ = w − w. Because we focus on changes in vertical velocities at the timescale of phytoplankton growth (days) w is computed as a daily mean. For the NAB08 data, we additionally calculate the daily rms-vertical velocity, w rms , for n daily measurements using w rms = (w n − w) 2 /n . In the Labrador Sea Experiment, Lagrangian floats were placed below the mixed layer in fall, and were entrained into the mixed layer as surface cooling strengthened and mixing deepened ; we therefore exclude data collected before the entrainment of the floats into the convective layer (approximately the first half of the 1998 float records, as seen in Steffen and D'Asaro, 2002 , figures 6 and 7) and after heat fluxes became positive (after 8 March for 1997, after 2 March for 1998) to ensure that upper-ocean mixing was buoyancydriven during the period of analysis. Given these two conditions, no data from the 1998 floats were used in our analysis. For the NAB08 experiment, to ensure that we are examining wind-driven mixing, we exclude the period of the record during which heat fluxes were negative (before Day 13) for the analysis in Figure 2c . However, we use the entire NAB08 float depth record in to calculate w rms in Figure 3b .
Estimated
We estimate the wind-driven vertical velocity, w*, from 10-m wind speeds (U 10 ), using w 2 * = r a /r w C D U 2 10 , derived from the definition of windstress, where r a and r w are the densities of the air and the surface water, respectively, and C D is the drag coefficient, calculated as a function of wind speed (Hersbach, 2011) . We estimate buoyancy-driven vertical velocity, w b , during periods of negative heat flux, using the relationship, verified in laboratory (Deardorff and Willis, 1985; Fernando et al., 1991) , field , and modelling (Deardorff, 1972; Molemaker and Dijkstra, 1997) (2009) density algorithm and a density gradient method (Figure 1 ), so our results using these two thresholds are likely insensitive to the method for determining the mixed layer depth. We use the PALACE floats to calculate daily mixed layer depths during the Labrador Sea experiment, with the surface density taken from the 13-m PALACE measurement. We average all H measurements derived from PALACE profiles recorded within the temporal and spatial range of the Lagrangian floats to create a mixed layer depth time series for the segment of the Lagrangian float record used in this study. Because 23 February and 5 March did not contain reliable PALACE profiles, we estimate H on those dates by the average of the surrounding days. For the NAB08 experiment, we use the binned daily density profiles from The spring phytoplankton bloom with in situ data the glider records to calculate H, determining the surface density from the top bin (0-10 m).
We calculate the daily average N 2 for the NAB08 data over the maximum daily depth of the NAB08 Lagrangian float using the GSW MATLAB oceanographic toolbox (McDougall and Barker, 2011) and the binned glider temperature and salinity profiles.
Active mixing depth, L mix
We calculate L mix for the NAB08 period using the method outlined in BL14 for each of the three surface forcing products, and for each of the two mixed layer depth definitions, creating a total of six L mix estimates. We define L mix for three cases. In Case 1, where buoyancydriven mixing dominates, L mix is equal to the mixed layer depth (Taylor and Ferrari, 2011) , H. In Case 2, where wind-driven mixing dominates in the presence of weak buoyancy forcing, L mix is equal to the Ekman length scale (Denman and Gargett, 1983; Wang and Huang, 2003) ) and g is an empirical constant, for which we use a value of 0.5 (Wang and Huang, 2003) . Finally, in Case 3, where winddriven mixing dominates in the presence of strongly positive buoyancy forcing, L mix is equal to the Ozmidov length scale (Denman and Gargett, 1983; Riley and Lelong, 2000) , L OZ = (2p)e 1/2 N −3/2 , where e is the rate of turbulent kinetic energy dissipation and is equal to w 3 * /kz at depth z, where k ¼ 0.41 is the Von Kármán constant. We base the transition between these cases on the relative strengths of wind and buoyancy forcing, as parameterized by the magnitude of the Obukhov length scale, L OB = −w 3 * /kB o , where B o is the surface buoyancy flux and is directly proportional to the surface heat flux (Phillips, 1977; Taylor and Ferrari, 2011 ).
Phytoplankton accumulation rates (r) and bloom period
We use both the daily chlorophyll fluorescence and bbp(700) profiles from the binned and processed NAB08 Seaglider data to calculate phytoplankton net accumulation rates, r, from the daily biomass rate of change (Behrenfeld, 2010; Boss and Behrenfeld, 2010; Behrenfeld et al., 2013) . Briefly, the definition of r we use accounts for phytoplankton growth occurring below the surface of the ocean and at times occurring deeper than the mixed layer depth by using three criteria for r. When mixed layers are deep and constant or deepening, r is calculated from biomass integrated to the depth of the mixed layer, consistent with the original Sverdrup hypothesis. When mixed layers are shallow, r is calculated from biomass integrated to the depth of a threshold isolume, above which phytoplankton have sufficient light to grow, to account for phytoplankton growth below a shallow mixed layer. Finally, when mixed layers are deep but shoaling, r is calculated from biomass averaged within the mixed layer, to exclude the portion of the phytoplankton population being detrained from the mixed layer and thus no longer actively growing. Further details can be found in Boss and Behrenfeld (2010) .
We use H 03 to calculate r: r calculated with H 125 shows qualitatively similar patterns, but with slightly more variability in terms of whether r is positive or negative on any given day. We calculate the depth of the threshold isolume (z 415 ) as z 415 = log(0.415/ 0.98PAR)(z eu / log(0.01)) (Boss and Behrenfeld, 2010) , where 0.415 mol quanta m 22 d 21 is the lowest PAR value that can support phytoplankton growth (Letelier et al., 2004) , and z eu is the depth of the euphotic layer, calculated using surface chlorophyll concentrations (Morel et al., 2007) .
We then use the r record to identify the period of the spring bloom captured in the NAB08 record. Several methods exist to define the initiation of the subpolar spring phytoplankton bloom, and the selection of the method can depend on the question being asked (Brody et al., 2013) . To capture the start of a seasonal, rather than transient, bloom, we define the bloom as the period of sustained positive rates of biomass accumulation (Brody and Lozier, 2014) , meaning that r calculated either with chlorophyll fluorescence or bbp(700) cannot be negative for .1 consecutive day during the bloom period. Therefore, we set the bloom initiation date to occur immediately after the last instance in which r is negative for two consecutive days, and the bloom termination date to occur immediately before r again becomes negative for two consecutive days.
Uncertainty in the calculation of r comes the fact that the 0.415 threshold PAR value was derived from measurements in the tropical Pacific Ocean, and thus likely represents a shallow estimate of the threshold isolume for subpolar phytoplankton (Boss and Behrenfeld, 2010) . However, because the threshold isolume is only used in the r calculation once the mixed layer depth has become very shallow, this uncertainty only affects the end of the r record. We compared the threshold isolume with the euphotic depth (z eu ) and found very small differences between the two depths (see Figure 4) . Additionally, r calculated with z eu only differs from r calculated with z 415 after Day 33 of the NAB08 record, within 1 day of the bloom termination, and only differs in magnitude, rather than sign. The choice of z 415 to calculate r therefore has no effect on the date of the bloom initiation and termination.
Results
Assessment of estimated L mix
We first use Lagrangian float paths to assess the BL14 estimate of the active mixing layer (L mix ) during buoyancy-driven mixing, where L mix is equal to the mixed layer depth, H, and wind-driven mixing, where L mix is equal to the Ekman depth, L EK . In both cases, we use the daily maximum depth recorded by the Lagrangian floats (D max ) to estimate the depth of the active mixing layer from the float data. Although these datasets were collected at different times and at different locations in the subpolar North Atlantic, they each provide an example of what mixing might look like under buoyancydriven and wind-driven conditions.
In the wind-driven case (the NAB08 record after 17 April, Figure 2a ), we find a close correspondence between D max and L EK , except a short period centered around May 14 (shaded area in Figure 2a ; with generally high r 2 values (r 2 ¼ 0.66 over the nonshaded portion of the record) and low root mean square differences, In the buoyancy-driven case (the 1997 Labrador Sea record over 20 February to 7 March, Figure 2b ), D max is of comparable magnitude with H, but only when H is defined using the 0.03 kg m 23 density difference criterion. Again, the rmsd between H and D max is small (279 m) compared with the average depth of D max (635 m) and range over the period and floats (754 m). The correlation between D max and H on any given day is low (r 2 ¼ 0.024), but because H is calculated using density profiles from PALACE floats, which are close to, but not at, the position of the Lagrangian floats, D max is averaged from several Lagrangian float records, and the Labrador Sea record is relatively short and does not record large changes in D max or H, this low correlation can be 1964 S. R. Brody and M. S. Lozier expected. Nonetheless, in both the wind-driven and buoyancydriven case, we find support for the BL14 estimation of the active mixing depth.
Comparison of buoyancy-and wind-driven mixing
We next explore whether the large difference between the depth of the active mixing layer in the buoyancy-driven and the wind-driven mixing regimes (Figure 2a and b) is accompanied by differences in the magnitude of the vertical velocities, and the size of coherent vertical motions. The distributions of the magnitude of turbulent vertical velocity measurements, |w ′ | (Figure 2c) ). The distributions of the coherent vertical motions, i.e. the magnitude of the vertical distance travelled by a float before changing directions, for both the buoyancy-driven and wind-driven mixing environments (Figure 2d ), show that in the buoyancy-driven case, the floats more frequently record large vertical motions. In this case, the variance of the buoyancy-driven distribution is several orders of magnitude greater than the wind-driven distribution (8.82 × 10 23 vs. 4.28 × 10 25 m). The mean of the buoyancy-driven vertical motions is also much greater (47.8 vs. 2.81 m). For both the distributions of |w| and the coherent vertical motions, Kolmogorov-Smirnov tests (Massey, 1951) show that the distributions of the NAB08 and Lab Sea data are significantly different at the The spring phytoplankton bloom with in situ data 95% confidence level. These comparisons support the idea that the deep active mixing layers observed in the buoyancy-driven mixing environment result from large coherent convective cells, in contrast to the smaller motions that characterize the wind-driven regime.
Analysis of L mix and bloom initiation
The NAB08 record provides the opportunity to examine changes in turbulent vertical velocities and the depth of L mix before and during the initiation of a subpolar spring bloom. The bloom initiation date occurs on Day 12 of the NAB08 record (16 April, Figure 3a) , approximately 2 d before heat fluxes become positive (Figure 3a) . This timing is consistent with the analysis of Mahadevan et al. (2012) , who approximated the NAB08 bloom initiation date from the biomass record, and with BL14, who found positive satellitederived chlorophyll rates of change in the subpolar North Atlantic to occur when heat fluxes were weakening but still negative.
As noted in Mahadevan et al. (2012) , and as seen at other study sites (D'Asaro, 2003) , daily rms-vertical velocities calculated from the Lagrangian float data (w rms ) and turbulent vertical velocities calculated from wind stress (w*) are generally in very good agreement (Figure 3b) , indicating the dominance of wind-driven mixing during the bloom initiation. However, this correspondence is weak during approximately the first 9 d of the time series, before the bloom initiation, when w rms is significantly larger than and less correlated with w* as compared with the remainder of the (Table 1) . This period coincides with a period of relatively strong loss of heat to the atmosphere ( Figure 3a) ; thus, buoyancy forcing is potentially playing a role in the turbulent mixing during this time. We estimate buoyancy-driven vertical velocities (w b ) for the entire period of negative heat fluxes (the first 14 d of the float record, Figure 3b) . Because of the lower spatial resolution of the heat flux data when compared with the wind data, and because of the additional uncertainty introduced by the glider-derived mixed layer depths in the calculation of w b , we expect generally lower correlations between w b and w rms than between w* and w rms . However, we do see that during the first 9 d of the record, the correlation between w b and w rms is higher than during the bloom initiation (Days 10 -14) , when heat fluxes are weak, while the correlation between w* and w rms is higher during Days 10-14 than Days 1 -9 (Table 1 ). The rmsd between w b and w rms is also lower during the first 9 d of the record compared with the rmsd between w* and w rms during this period (Table 1 ). These patterns support the hypothesis that mixing is not wind-driven, and may be buoyancy-driven, before the bloom initiation.
A shift from buoyancy-driven to wind-driven mixing occurring 3 d before the start of the bloom would be consistent with the bloom initiation framework developed in BL14. Moreover, the average stratification over the portion of the water column in which the Lagrangian float travels stays very low until well after the bloom initiation (Figure 3b ), also consistent with the BL14 idea that the bloom begins during Case 2 mixing (wind-driven mixing in unstratified conditions). We note, however, that the relatively short period during which heat fluxes were strongly negative and stratification was low, as well as the small number of days in which heat fluxes were weakly negative, precludes a definitive assessment of the drivers of mixing before the bloom.
The hypothesis that a shift from buoyancy-driven to winddriven mixing creates the conditions in which a bloom can begin rests on the assumption that this shift decreases the depth of active mixing. The model for this active mixing depth, L mix , contains different parameterizations for buoyancy-driven mixing (Case 1, L mix ¼ H) and wind-driven mixing (Case 2, L mix ¼ L EK ). We next examine whether L mix calculated over the period of the NAB08 record transitions from Case 1 to Case 2 synchronously with the observed shift in the w rms record from w b -correlated with w*-correlated, and, if so, whether this transition causes L mix to shoal. All L mix estimates show a clear shift from Case 1 to Case 2 coincident with bloom initiation (Figure 3c ) and with the beginning of increased correspondence between w* and w rms (Figure 3b ). This shift from Case 1 to Case 2 is accompanied by a large decrease in L mix , consistent with the idea that such a decrease leads to an increase in light availability for phytoplankton and thus drives the spring bloom. During the same period, mixed layers generally remain very deep, and do not show the same pronounced shoaling seen in the L mix record (Figure 3c ).
During most of the remainder of the bloom period, the close correspondence between w* and w rms (Figure 3b) , the relatively weak heat fluxes (Figure 3a) , the strong agreement between the float-derived D max and estimated L EK (Figure 3a) , and the weak stratification (Figure 3b ) indicate that Case 2 conditions prevail. During the period of approximately 12 May through 18 May (after the bloom termination, shaded area in Figure 3c ), the overestimation of D max by L EK (Figure 2a) , the slight overestimation of w rms by w* (Figure 3b) , and the relatively high stratification (Figure 3b) indicate that L mix is in Case 3, or stratified wind-driven mixing. While L mix calculated using H 03 generally follows this pattern, L mix calculated using H 125 transitions to Case 3 well before 12 May, indicating that H 03 is the more appropriate definition of the mixed layer depth for the calculation of L mix in the NAB08 location and period.
The depth-resolved NAB08 glider data provide additional evidence that the phytoplankton bloom initiation corresponds to the shoaling of L mix , rather than to the shoaling of the mixed layer. We compare L mix calculated using H 03 with both H 03 and with the depths of the euphotic depth and threshold isolume (z eu , z 415 ), again using depth-time profiles of both chlorophyll fluorescence and bbp(700) as proxies for phytoplankton biomass (Figure 4) . Before the initiation of the spring bloom, H and L mix are equal and very deep. Phytoplankton biomass, as measured by both chlorophyll fluorescence (Figure 4a ) and bbp(700) (Figure 4b ), is distributed fairly evenly over the top 300-400 m of the water column. At this point, H 03 and L mix both approximate the bottom boundary of biomass accumulation, as expected for pre-bloom, buoyancymixed conditions. At and directly after the bloom initiation date, the chlorophyll fluorescence and bbp(700) depth profiles noticeably increase in concentration within the top 50 -100 m. L mix , which has shoaled considerably, generally tracks these horizons. Though H 03 shoals during this period, it remains deeper than the highest concentrations of biomass.
As the bloom progresses and reaches its termination date, chlorophyll fluorescence and bbp(700) concentrations are approximately uniform and high within the top 50 -150 m of the record (Figure 4 ). While L mix and H 03 intermittently shoal above these concentration horizons, the euphotic depth and threshold isolume begin to delineate the bottom boundary of significant biomass growth and accumulation. The records during this period also show evidence of sinking biomass, particularly in the elevated bbp(700) concentrations after 1 May (dashed line in Figure 4b ) and in the chlorophyll fluorescence and bbp(700) spike at 300 -400 m on 9 May, which was analysed by Briggs et al. (2011) for its role in carbon export. Because sinking biomass creates a vertical profile that indicates increased concentration at depth, yet that concentration includes the non-growing population, we place greater emphasis on the match between L mix and biomass at the beginning of the bloom.
Discussion
In this study, we used in situ data to further examine the light-limitation-based mechanisms for subpolar bloom initiation first formalized by the Sverdrup Hypothesis. Specifically, we examined the idea that phytoplankton are uniformly mixed to the depth of the dominant mixing length scale, or active mixing depth (L mix ), which shoals during the transition from buoyancy-to wind-driven ) and difference (rmsd) information for wind-estimated and buoyancy-estimated vertical velocities compared with the observed vertical velocities (w rms ) for different segments of the NAB08 record. The spring phytoplankton bloom with in situ data mixing, thus alleviating light limitation and prompting a bloom. This idea is consistent with previous observations made of blooms occurring when heat fluxes are negative (Mahadevan et al., 2012) and when the water column is unstratified (Townsend et al., 1992) .
We first examined whether the BL14 estimation of L mix from surface forcing data accurately estimates the depth of active mixing in buoyancy-and wind-driven mixing regimes. According to the BL14 framework, L mix should be equal to the mixed-layer depth, H, during buoyancy-driven mixing and equal to the Ekman depth, L EK , during wind-driven mixing. We found that the daily maximum depths attained by the Lagrangian floats in these regimes are consistent with H 03 for buoyancy-driven regimes and with L EK for wind-driven regimes (Figure 2a and b) .
A further investigation of the wind-driven record in the context of the spring bloom shows that the daily maximum float depth corresponds very closely to L EK , or Case 2 mixing, during the initiation and duration of the bloom (17 April -9 May). The daily maximum depths then become more shallow than L EK for a brief period after the bloom termination (12 May-18 May), indicating a shift to Case 3 mixing. This shift is also seen in the relatively high heat fluxes (Figure 3a) , low observed turbulent vertical velocities (Figure 3b) , and high stratification (Figure 3b ) at this time. That this shift is mirrored in the L mix record, which briefly transitions to Case 3 from Case 2 on these days (Figure 3c ), provides further support for L mix as an estimator of the depth of active mixing.
We explored in more detail the differences and similarities between buoyancy-driven and wind-driven mixing, as seen in the Lagrangian float records. The deep maximum depths, high vertical velocities, and large coherent vertical motions experienced by floats in the buoyancy-driven environment, compared with those in the wind-driven environment (Figure 2) , support the hypothesis that coherent convective cells within the mixed-layer drive deeper mixing of particles when mixing is generated by buoyancy forcing.
Further, we found evidence to support the idea that mixing transitions from buoyancy-driven to wind-driven in the NAB08 record shortly before the bloom begins. Wind-estimated turbulent vertical velocities (w*) underestimate observed vertical velocities (w rms ) before the bloom initiation. During the same period, heat fluxes are negative and the correspondence between w rms and buoyancy-estimated velocities (w b ) is relatively high (Table 1, Figure 3b ).
Finally, we find significant shoaling of L mix to coincide with both the increased synchrony between the wind-estimated and observed vertical velocities and the beginning of the spring bloom, in contrast to the density-defined mixed layer during this period (Figure 3c ). We find further evidence of this synchrony in depth-resolved biomass time series (Figure 4) , in which L mix better delineates the lower boundary of increased surface biomass concentrations at the onset of the bloom than does the densitydefined mixed layer.
Our results thus support the underlying ideas of the Sverdrup hypothesis-that phytoplankton are uniformly mixed to deep depths in winter, with little available light, then begin to bloom in spring as mixing weakens and the population concentrates in the light-filled upper ocean. At the same time, we propose that decreases in the dominant mixing length scales operating in the upper ocean (L mix ), driven by the transition from buoyancy-driven to winddriven mixing, better predict the onset of the spring bloom than the surface warming and consequent decreases in the densitydefined mixed layer typically attributed to the Sverdrup hypothesis. Given that the Sverdrup hypothesis is predicated on the phytoplankton mixing depth shoaling above the critical depth (where integrated phytoplankton photosynthesis equals integrated respiration) before the bloom, the critical depth during the NAB08 experiment might be located between 250 and 50 m, the approximate depths of L mix before and after it shoals.
We further note that at and after the bloom termination, depth-resolved profiles show high concentrations of biomass deeper than either the density-defined mixed layer or L mix would predict (Figure 4) . It has been suggested that in stratified, high-light conditions, phytoplankton grow to the depth of the euphotic zone, deeper at these times than the depth of surface mixing (Behrenfeld, 2010; Boss and Behrenfeld, 2010) . Our results confirm this idea, providing justification for integrating biomass to the depth of a threshold isolume to calculate rates of change during these periods (Behrenfeld, 2010) , as we do here to calculate r, and suggesting that the highest phytoplankton growth does not occur within the active mixing layer year-around. Additionally, our analysis makes it apparent that, for both the Labrador Sea and NAB08 data, the Both records are plotted on a log scale. In both plots, the time span shown is the same as in Figure 3 , the black vertical solid lines correspond to the bloom initiation and termination dates shown as green lines in Figure 3 , and the black vertical dashed lines highlight the beginning of apparent biomass sinking (1 May). The threshold isolume (z 415 ) used to calculate r and euphotic depth (z eu ) are also shown. mixed layer based on the 0.03 kg m 23 density threshold, and by extension the Holte-Talley algorithm mixed layer depth, is noticeably more appropriate for the active mixing depth estimation than the 0.125 kg m 23 threshold. While this may not be the case for all datasets and regions, the mixed-layer depth definition used to calculate L mix must always be chosen deliberately.
While our work provides evidence for the idea that the shift from buoyancy-driven to wind-driven mixing, reflected in the shoaling of L mix , provides the necessary mechanism for bloom initiation at the NAB08 site, recent studies have offered different explanations for the subpolar spring bloom. Mahadevan et al. (2012) also used the NAB08 data and, noting the appearance of a bloom before heat fluxes became positive, used the record of shallow vs. deep stratification, as well as a numerical model, to propose that mixed-layer eddies, arising from horizontal density gradients, drive stratification, and bloom initiation before the warming of the ocean surface. We use the same in situ data, though with stratification measured over a different part of the water column, to propose that changes in surface forcing and one-dimensional mixing alone are sufficient to drive bloom initiation. However, perhaps both of these proposed mechanisms could be at play at different times and to different extents throughout the subpolar oceans in the early spring. We note that the stratification signature observed by Mahadevan et al. (2012) in the NAB08 record-a concurrent, small increase in shallow and deep stratification while heat fluxes are negative followed by a large increase in shallow stratification only after heat fluxes become positive, is consistent with a stratification scenario that might be observed in the transition from Case 2 to Case 3 mixing in our formulation.
A theory of bloom initiation based on top-down control of phytoplankton has also been proposed (Behrenfeld, 2010; Boss and Behrenfeld, 2010; Behrenfeld et al., 2013) : that deep mixed-layers dilute plankton populations, reduce encounters between zooplankton grazers and phytoplankton, and thus promote growth in the integrated population. This theory has been tested in situ as well, using data from an optical profiling float released in the North Atlantic between 2004 and 2007 between 45 and 558N (Boss et al., 2008; Boss and Behrenfeld, 2010) . However, two factors prevent a direct comparison with the NAB08 data. First, this float profiled an area of the North Atlantic 5-108 southward of the NAB08 experiment site, where the average PAR over the course of a year is significantly higher than at the NAB08 site, and productivity patterns are indicative of the transition zone between subtropical and subpolar waters, where light limitation is not the sole driver of phytoplankton blooms (Brody et al., 2013) . Relatedly, the mixed layers recorded by that float, determined using the 0.125 kg m 23 density difference criterion, never exceeded 160 m, and usually stayed .100 m, vastly increasing the winter light exposure of the biomass in that area compared with the biomass experiencing the 700 -800 m mixed layers observed at the beginning of the NAB08 record. While it is possible that, had the NAB08 experiment started during winter, rather than at the beginning of April, it would have recorded growth in the integrated population as mixed layers deepened, it is equally possible that light limitation becomes a more important factor than dilution and grazing in setting the timing of the phytoplankton bloom in areas of deep mixed layers and low winter PAR.
Thus, from available data, there is strong in situ evidence for decreases in L mix , driven by a shift from buoyancy-driven to winddriven mixing, as one of the primary drivers of the subpolar spring phytoplankton bloom. This formulation of the light-limitationbased theory for subpolar blooms raises the possibility that changes in ocean-atmosphere forcing conditions on interannual to decadal timescales, as they affect the timing of the transition from buoyancy to wind-driven mixing, could affect the timing of the spring phytoplankton bloom in a predictable manner.
